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Axisymmetric buckles that fonn on wound rolls are a conunon problem that occur 
in the web-handling industry. These wrinkles are frequently refe1Ted to as ribbing, 
ridging, tin canning, c ircumferential ridges, and corrugations. Two main fom1 types of 
these wrinkles exist. One type, when fonned, takes on the diamond pattern or chain link 
shape. The second type, when formed, occurs as a bump or ridge in the web. 
Sour·ces of CMD Stress 
It is unknown whether these circumferential wrinkles are created in the wound 
roll, if they are from a web defect that manifests itselflater after winding, or if both of 
these cases are true. However, many theories exist about the causes of these wrinkles. 
Several theories were reported in the Semiannual Technical Review and Industry 
Advisory Board Meeting Notes [1]. (The following is a brief desc1iption of some of the 
theories given in this reference.) 
One theory is that these wrinkles are a result of stresses that exist due to CMD 
viscoelastic recovery from the extrusion process. Many polymers attempt to recover after 
extrusion into films. Web tension or draw control may prevent the web roll from 
contrac ting in th o 111 achine direction but there is no constraint in the cross-machine 
direction. 
Another theory is that these wrinkles are caused by air entrainment. It is often 
assumed that a perfect web with large stiffness would fly at a constant air film height. 
However, a less than ideal web is non-uniform in length and typically has small bending 
stiffness such that air film decays at the edges where the air is escaping or perhaps where 
the web tension is high due to web length variation. This tension variation can be the 
source for a CMD stress. 
A third theory is that these wrinkles are a result of the winding process. Axial 
stresses in wound rolls are limited by the magnitude of Poisson's ratio. Poisson's ratio is 
typically small, but when the wound roll pressures are high and the web blocks together, 
sizab le Poisson's ratios become possible, which can generate significant CMD stresses. 
These are just a few examples of the many theories that exist about the causes of 
c ircumferentia l wrinkles in web rolls. Though each theory is different, the common link 
between many of the theories is a CMD stress ( or axial stress) that occurs. 
Pt11·pose of Project 
Before the theories of the causes of these wrinkles can be studied, the axial stress 
required to cause such wrinkles must first be investigated. Therefore, the purpose of this 
study was to measure the critical force required to fonn a circumferential buckle in a roll 
of web. Furthennore, in this study the effects of winding conditions on the value of the 
critical force were investigated. To do this, the critical buckling force was compared to 
the tension used when winding the roll. The final goal of this project was to detem1ine if 
any existing mathematical model could be used to predict the critical buckling force of 
these web rolls, and if not, the goal was to formulate a new model that would predict 




Several different papers and texts were researched in order to receive a better 
understanding of the buckling phenomenon that is occurring when a circumferential 
wrinkle occurs. Several of these papers dealt with the basic buckling of shells, others 
dealt with the buckling of shells on an elastic foundation, and other papers dealt with web 
handling in general. 
Initial research began with Timoshenko [2). In this work, Timoshenko solves for 
the critical stress needed to buckle a uniformly axial compressed cylindrical shell using 
the energy method. Assuming the shell retains a cylindrical shape until buckling occurs, 
the total strain energy is the energy of axial compression. When buckling begins, the 
strain energy of the middle surface in the circumferential direction and bending of the 
shell must also be considered. Thus, the strain energy of the shell is increased. At the 
critical value of the load, this increase must equal the work done by the compressive load. 
In Timoshenko's work, the radial displacement is assumed to take the following 
sinusoidal shape, and the flexural rigidity is given to be: 








Using the strain energy method, the following equation for the critical stress is found: 
Equation 2-3 ----!!..-D m-H- El N ( ., ., ) (J't."r - - ., + ., ., 
h hi- r-Dm-H 2 
Ncr is the force per unit length. In this case the length would be the circumference of the 
cylinder, 21tr. Assuming that there are many waves formed along the length of the 
cylinder during buckling, considering the critical stress as a continuous function of mn/1, 
and seeking the half wave number with which the minimum buckling stress <rcr is 
associated, the equation above becomes: 
Equation 2-4 a == Na =~.JEDh 
er h rh 
By substituting the equation for D, Equation 2-2, into Equation 2-4 the critical stress 
becomes: 
N Eh 
(J' - __£!_ = ---;=== 
"' - h r~3(I - v2 ) 
Equation 2-S 
To find the critical force from this equation, the critical stress is multiplied by the area on 





The length of the half-waves into which the shell buckles is given by the following 
equation: 
Equation 2-7 
I r 2h 2 - = 7(4 2 
m 12(1-v ) 
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Timoshenko also explains how the same critical stress can be found using the 
equilibrium equation for a cylindrical shell. The equilibrium equation for a cylindrical 
shell given by Timoshenko is shown below. 
Equation 2-8 
To solve for the critical stress using this differential equation, substitute the expression 
for w (Equation 2-1) into Equation 2-8 and equate to zero the coefficient of sin(mnx/1). 
The result of this method will once again be Equation 2-3, and then, Equation 2-6 can be 
found again using the same steps as before. An important item to note is that 
Timoshenko 's equation for the buckling of a cylinder assumes that the cylinder takes on a 
sinusoidal shape when buckled. Therefore, the cylinder is allowed to buckle two ways, 
inward and outward. 
A paper by Allan (3] presented a study of one-way buckling of a beam on an 
elastic foundation. This paper was ofinterest because in some web rolls it appears that 
the core only allows the web shell to buckle outwards. Allen solves the differential 
equation for a beam using conditions that force the beam to buckle one way. In his 
experimentation, Allan uses a device to load the ends of a beam that is resting on a 
foundation of springs. Allan then concludes that depending on the end conditions, which 
changes the value of C, the following equation represents one-way buckling of a beam on 
an elastic foundation: 
Equation 2-9 
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Though Allan's paper was of interest due to his coverage of one-way buckling, his paper 
was limited to the buckling of beams on and elastic foundation and did not cover one-
way buckling of shells. 
The only paper found that dealt with circumferential wrinkles in rolls of web was 
a paper by Forrest (4]. In this paper, Forrest develops equations to solve for both 
transverse and circumferential stresses. The formula takes into consideration entrained 
air, air gap, and winding tension. In his equation, winding tension affects the radial 
elastic modulus. The radial elastic modulus was found using a methodology developed 
by Pfeiffer [5]. In Pfeiffer's equation, the pressure in a roll can be approximated given 
the properties of the roll and winding conditions, such as web tension. Forrest extended 
Pfeiffer's equation to include air entrainment, and then gives an equation for a reduced 
radial elastic modulus as affected by the entrained air. In order to find the critical stress, 
Forrest uses a finite difference procedure. A program was written which involved 
dividing the web roll into a number of finite layers. As each successive layer is added to 
the roll, the circumferential stress, transverse stress, radial elastic modulus, and internal 
pressures are updated. The initial equilibrium equation for a cylinder that Forrest uses is 
different from that given by Timoshenko (2]. Neither the source of this differential 
equation nor a development for it is given in Forrest's paper. Though the equation 
closely follows Timoshenko (2], the addition of the 3/2 value is not explained. 
Nonetheless, the important change from Timoshenko's equation is the addition of the 
foundational stiffness term, k. Forrest assumes that each layer acts like a cylinder on an 
elastic foundation. This foundation is made up of the layers underneath the current layer. 
Equation 2-10 
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Since Forrest's initial equation appears sound but lacks verification, a similar 
methodology will be used in the 'Theoretical Development' Chapter of this paper to 
J e velop a buckling equation for a cylinder on an elastic foundation. For this equation, a 
slightly modified version of the differential equation given by Timoshenko [2] wiH be 
used instead of the differential equation used by Forrest [4]. 
It has been proven that cylinders in axial compression may buckle in one of two 
modes, one being axisyrnmetric and one that is not. A book by Allen and Bulson [6] was 
ref erred to in order to understand these buckling modes better. The book explains that 
when buckles occur in the shape of waves in the longitudinal direction, they are 
commonly called symmetrical or 'ring' buckling. When buckles occur that have waves 
in both the longitudinal and circumferential direction they are commonly called 
'chessboard' buckles. Allen and Bulson then use the energy method to solve for the 
critical stress needed to cause the 'ring' buckle. Their derivation follows the one 
presented by Timoshenko [2]. Therefore, the resulting critical force is found to be 
Equation 2-5. Then, the energy method is used to solve for the critical stress needed to 
cause the 'chessboard' buckle. In this solution, the following equation is the assumed 
displacement shape: 
Equation 2-11 . (m1CX)* . ( 0) w= - Csm I sm 11 
The number of half waves in the longitudinal direction ism. The number of half waves 
in the circumferential direction is n. Solving for the critical stress gives the following 
e qua l , o n · 
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Equation 2-12 
If n equals zero, no circumferential waves occur and the above equation simplifies to 
Equation 2-5. Thus, Allen and Bulson explain that the critical stress is the same for ring 
buckling and chessboard buckling ifm2 is a large number and is independent of the 
length. Therefore, the critical force found in Timoshenko [2] can be used for either 
buckling shape when this assumption is made. For web rolls, the internal pressure caused 
by winding the web onto the surface of a winding roll acts to prevent the 'chessboard' 
wrinkles from occurring and allows only for the ring modes. Sometimes the 'chessboard' 
wrinkles fonn in the outside lap of a wound roll where the tail of the web was not secured 
to the wound roll under tension. 
For basic engineering equations, equations commonly used in web handling, and 
to gain some further knowledge on the buckling of shells and plates, several other works 
were referenced as needed. For the basic equations related to stress, strain, force, and 
material properties, Shigley [7] was used. In particular, the equation given by Shigley for 





This equation was also found in Budynas (8]. However, Budynas was primarily used for 
a related equation, which gives the deformation for a thin walled cylinder under pressure. 
This equation is given below: 
Equation 2-14 
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Both of these equations were used for calculating the frictional effects of the core. 
To determine the pressure and radial elastic modulus, which vary as a function of 
radius in a wound roll, a winding program was used. For this winding program the 
material properties, K1 and K2, of the web material were found using a method presented 
by Pfeiffer (5]. In his work, Pfeiffer developed the following equation that can be used to 
detem1ine the relation between pressure and strain in a stack of web material: (The 
description of a stack test and the use of this equation can be found in the 'Experimental 
Procedure and Setup' Chapter. This is also the equation mentioned earlier that was used 
by Forrest [ 4] to help determine the pressure and radial elastic modulus of each layer 





Introduction to Models 
Due to the complexity of a roll of web, five different models were developed in 
order to find the analytical model which best described a roll. Two models were 
developed that used Timoshenko's model for a cylindrical shell. One model was 
developed using a cylindrical shell on an elastic foundation. Another model was 
developed which consisted of a cylindrical shell on a rigid surface with a stabilizing 
external pressure. The final model also used Timoshenko's mode] for a cylindrical shell 
but took into account frictional effects due to the testing apparatus. 
Axially Compressed Cylindrical Shell Models 
Two models were initially developed that used Timoshenko's buckling equation, 
Equation 2-6. Model #1 assumes that the web roll acts like one large cylinder. In this 
model, the roll dimensions are used for the inputs into Timoshenko's equation, where the 
thickness of the cylinder equals the thickness of the roll. Model #2 assumes that the roll 
acts like multiple cylinders. In this model, Timoshenko's equation is used to find the 
buckling force for each cylinder, where the thickness of the cylinder equals the thickness 
of the web. To find the buckling load for the roll, the individual buckling loads are 
summed together. The only concern with these models is that they do not consider the 
winding tension at which the roll is wound. Since winding tension affects values within 
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the roll such as pressure and radial elastic modulus, three other models were developed 
which included tension affects. 
Shell on Elastic Foundation Model 
So that tension would factor into the buckling equation, a modified version of 
Equation 2-8 was developed. In this model, each layer of web is assumed to behave like 
a cylindrical shell on an elastic foundation. When a cylinder is said to be on an elastic 
foundation, the tem1inology is describing a case in which the inside of the cylinder or 
core of the cylinder is made up of an elastic material. In the case of the web roll model, it 
is assumed that for each layer of web, the layers of web under it act like an elastic 
foundation. A diagram of the model can be seen in Figure 3-1. 
I Web Cylinder I 
Figure 3-1: Diagram of Cylindrical Shell on an Elastic Foundation Model. 
In order to develop an analytical solution to this model, the following modified 
version of the differential equation given by Timoshenko [2], Equation 2-8, will be used: 
Equation 3-1 Dd\v N d
2
w (Eh k) 0 --+ --+ -+ , w= 
dx4 x dx2 r2 
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In this differential equation, k*w was added in order to represent the effects of an elastic 
foundation. This k value is the foundational stiffness. Using the second method 
described by Timoshenko [2], the assumed radial displacement, Equation 2-1, is 
substituted into Equation 3-1. Canceling like terms and solving the equation gives the 
critical force (per unit length): 
Equation 3-2 N =D(m1r)2 +(£~ +k)(-1 )2 
er h ,.- mK 
Assuming there are many waves fonned during buckling, considering N as a continuous 
function ofm1t/l, and determining the value ofm which yields the minimum value of the 
axial load per unit of circumferential length required to buckle the cylinder, the equation 
becomes: 
Equation 3-3 









By substituting the value of D, Equation 2-2, into the above equation, it becomes the 
following: (Note that if k is zero the equation reduces to the critical force found using 
Timoshenko's method, Equation 2-6.) 
Equation 3-6 
To employ these expressions requires the foundational stiffness, k, to be found. First, the 
radial elastic modulus is found using a winding program. In this program, the values of 
K1 and K2 are entered as well as the winding parameters such as inner diameter, outer 
diameter, material properties, and winding tension. (K1 and K2 are found using Equation 
2-15 after curve fitting stress versus strain data from a stack test.) The radial elastic 
modulus is then used to find the foundational stiffness using the following equation: 
Equation 3 .. 7 
Canceling the A on both sides and rearranging the equation leads to the following 
equation: 
Equation 3-8 P Er k=-=-
ll t 
Therefore, k can be found by dividing the radial elastic modulus by the thickness of the 
part of the shell acting like an elastic foundation. With k, the critical force can be solved 
for using Equation 3-6. 
To find the critical force using the elastic foundation model, the following method 
was used. The critical force was found for each layer or cylinder of web starting with the 
first layer. For each layer that was added, a winding program was used to calculate the 
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radial elastic modulus. With this value and the thickness of the layers below the current 
layer, a foundational stiffness was found for the current layer using Equation 3-8. Then, 
the critical force for that layer was found through input of the following values into 
Equation 3-6: the current foundational stiffness, the shell thickness, the elastic modulus, 
and the radius for that layer. This process was repeated for every layer, and then the 
critical forces for each layer were summed to find the critical force for the entire web roll. 
As will be shown later in the 'Results and Discussion' Chapter of this paper, the 
elastic foundation model gave results that were much greater than the experimental 
results. Therefore, more approaches were formulated in order to better model the true 
buckling situation. 
Shell on Rigid Core with External Pressure Model 
Some problems with the above theoretical solution is that it assumes that the shell 
buckles in two directions and that the elastic foundation is assumed to affect the buckling 
of the shell in two directions (much like an attached spring.) However, in the actual case, 
as the shell begins to buckle outwards it should no longer be affected by the foundation. 
Furthennore, the shell only buckles in one direction in many of the actual cases. 
Therefore, a new model, Model #4, was developed which considered these problems. In 
this model, a cylindrical shell was made which rested on a rigid surface. Then, a pressure 
was added to the outside of the shell. This pressure, like the radial elastic modulus in 
Model #3, was found using WINDER, a winding software program. The shell was then 
compressed axially. Due to the core on the inside, the pressure would act to stabilize the 
shell. Hence, higher pressures would result in higher critical buckling forces. In 
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addition, the rigid core would only allow the cylinder to buckle outwards. A force 
diagram and configuration of the model can be seen in Figure 3-2. 
Pressure 
! ! ! ! ! ! ! ! ! ! ! ! 
Web 
Figure 3-2: Model of Cylinder on Rigid Core with Pressure. 
Due to the complexity of this model several computer programs that used finite 
element methods were employed: ABAQUS, Pro/MECHANICA, COSMOS, and 
CADRE. Though several attempts were made with each program to model the problem, 
all attempts failed. In the end, either each program had limitations that would not allow 
the problem to be set up correctly, or the program could not correctly run the problem 
once it was set up. However, as will be seen in the 'Results and Discussion' chapter, this 
model was not needed in order to explain the experimental results. 
Axial Compression with Apparatus Effects Model 
As mentioned above, Model #3 did not give good results and Model #4 could not 
be solved for correctly using FEM programs. Therefore, a new method, Model # 5 was 
developed. Though Timoshenko's model of an axially compressed cylinder does not 
include tension effects, the resulting high-pressures at the center of a roll due to winding 
could affect the specially designed core, which was used to test the rolls. (A close-up of 
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this core can be seen below in Figure 3-3.) Though the core was designed to have 
enough tolerance between the sides of teeth to limit frictional forces, large pressures on 
the surface of the core (p in Figure 3-3) due to winding may cause the tolerance to vanish. 
If this occurs, the resulting stress within the core, cr1, owing to the pressure in the roll 
would be high enough to create a large frictional force between the teeth. 
To test this model, a winding program was used to find the pressure at the core for 
rolls made at each tension setting. Using this pressure, Equation 2-13 was used to 
calculate the resulting hoop stress within the core. The area of contact between the sides 
of the teeth was then found using Equation 3-9. (As can be seen in Figure 3-3: Le is the 
length of the contact zone; We is the width of the contact zone; and Ac is the area of the 
contact zone.) 
Equation 3-9 
Using the coefficient of friction for steel on steel, the hoop stress within the core, and the 
contact area between the sides of the teeth, the resulting frictional force between the teeth 
was found using Equation 3-1 O where µ is the coefficient of friction: 
Equation 3-10 
Since there were six teeth on each side of the core and two sides to each tooth, twelve 
zones of contact existed when the core was assembled. To find the total frictional force 
for the core, Equation 3-10 was multiplied by twelve. The total frictional force for the 
core was then added to the critical force found using Timoshenko's equation, Model #2. 
This combination of forces was then compared to the experimental results. In order for 
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this model to work, the assumption was made that the pressure at the core is high enough 
at each tension level to close the space between the sides of the teeth. 
Figure 3-3: Toothed Core with Dimensions of Contact Area of Teeth Labeled 
With this toothed core seen above, the web roll is forced to buckle outwards only. 
However, if the critical buckling force is found using Timoshenko's equation for the 
buckling of cylinders, the assumption is made that the cylinder buckles two ways, 
inwards and outwards. Therefore, for Model #5 to model the experimental data correctly 
it must first be shown that one-way buckling and n:vo-way buckling result in the same 
critical buckling force. 
If a single one-way wrinkle occurs during buckling, it can be assumed that this 
one-way buckle is simply half of a two-way buckle. This was done computationally by 
using a half wave number of one in Equation 2-1. This resulted in the following 
equation: 
Equation 3-11 w ~ -Csin( ~ J 
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Following Timoshenko's example given in Chapter 2, the critical force was then found to 
be: 
Equation 3-12 Nr, n( 1r2 El J (J'C'r =-= -., + ., ., 
h h/- r D1r-
Then, the assumption was made that the length of the shell being buckled would be equal 





By substituting this length into Equation 3-12 and solving for the critical force, the 
following critical force equation was found: 
Equation 3-14 
21!Eh 2 
P,, = ~ 
3(1-v 2 ) 
This is the same critical force found by Timoshenko when assuming two-way buckling, 
Equation 2-6. Hence, if these assumptions are made, Timoshenko's buckling equation, 
Equation 2-6, can be used to calculate the critical force for the one-way buckles that 
occur in wound web rolls. These assumptions can be checked experimentally by 
measuring the wavelength of the one-way buckle. 
18 
CHAPTER4 
EXPERIMENTAL SETUP AND PROCEDURE 
Machine Setup 
An existing WHRC winding station was used to wind the rolls. The machine 
consisted of an unwind roll, load cell, winding roll, and intermediate transport rollers. 
The tension in the web was maintained by a Magpowr dual magnetic hysteresis brake, 
which was controlled by a Magpowr Digitrac controller. The controller monitored the 
tension in the web using a Magpowr 50 lb load cell. The speed of the web was controlled 
by a Reliance Electric Speed Controller and Reliance electric AC motor, which was 





Figure 4-1: Label~d Setup of Winding Machine 
Specially designed cores were made so that wound rolls of web could be crushed 
in the lnstron. Though two different cores were made, both of them had to meet these 
two requirements: each had to mount onto the winding shaft of the web machine and each 
had to have a gap in the middle which would allow the roll of web to be axially crushed 
in the lnstron without interference from the core. To meet these requirements, the cores 
were designed with removable spacers. These spacers allowed for the two end pieces of 
the core to be correctly mounted into the winding machine and maintained the desired 
core length. Furthermore, these spacers could be removed once a roll of web was wound, 
which left a gap in the middle of the core. This gap allowed the cylinder of wound web 
to be compressed in the Instron. The dimensions for each roll can be found in Table 4-1. 
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Flat Core Specifications 
The first designed core consisted of two main parts: two end pieces and a removal 
centerpiece, which was cut into four segments. A 3-D drawing of this core can be seen in 
Figure 4-2 and a picture of the core and the spacers can be seen in Figure 4-3. This core, 
which will be referred to as the flat core, gave the cylinders of wound web .5 inches of 
non-supported material in the middle. The length of the core, once spaced, was 6 inches, 
which matches the width of the web. The core's internal dian1eter was 2.95 inches and 
the core ' s external radius was 3.380 inches. The design of this core gave no restraint in 
the theta-direction or z-direction. Furthem10re, this core allowed for two-way buckling to 
occur, inward and outward, when the roll was compressed. 
Figure 4-2: 3-D Model of Flat Core 
21 
Figure 4-3: Photograph of Flat Core and Spacers 
Toothed Core Specijicatio11s 
The second core designed also consisted of two main parts: two end pieces with 
six evenly spaced teeth and three middle pieces used as spacers. As can be seen in Figure 
4-4, the teeth of the two end pieces were designed to interlock. A picture of the actual 
core and spacers can be seen in Figure 4-5. Two versions of the toothed core were made. 
The first version had a gap of .5 inches, which matches the gap size of the flat core. This 
.5 inches gapped core will be referred to as toothed core #1. The second version of the 
toothed core had a gap of only .15 inches in order to minimize the effects of the gap on 
the buckling criteria. This core will be referred to as toothed core #2. The length of both 
cores, once spaced, was 6 inches. The internal diameters of the both cores were 2.95 
inches. Toothed core #1 had an external diameter of 3.380 inches, and toothed core #2 
had an external diameter of 3 .365 inches. The teeth of both toothed cores were 1 inch 
long. Due to these teeth, both cores allowed for movement in the (axial) z-direction, but 
gave restraint in the theta direction. Furthermore, these cores were designed to not allow 
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for two-way buckling to occur. However, some two-way buckling did occur in the large 
gaps of toothed core # 1. This will be discussed later in the 'Results and Discussion' 
chapter. 
Figure 4-4: 3-D Model of Toothed Core 
Figure 4-5: Photograph of Toothed Core and Spacers 
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Table 4-1: Dimensions of Cores 
Core Type Length Gap Tooth I Internal d External d Core h 
Flat Core 6in .5 in none 2.95 in 3.380 in .215 in 
Toothed Core #1 6in .5 in 1 in 2.95 in 3.380 in .215 in 
Toothed Core #2 6in .15 in 1 in 2.95 in 3.365 in .2075 in 
Experimental Procedure 
The following procedure was used for all of the primary tests conducted with the 
flat and toothed cores. First, a wound roll of web was loaded onto the unwind shaft of the 
winder. Then, the roll was secured into place by inflating the expandable shaft. The 
material that was used for all tests was a 142-gauge polyester film (.00142 inches thick.) 
Next, the spacers were taped into place, and one of the specially designed cores was 
assembled. The core was then loaded onto the wind shaft and secured into place by a nut 
on the end of the wind shaft. The web was then threaded through the machine as shown 
in Figure 4-6. In order to align the unwinding web with the winding core, several 
attempts were first made in which the unwinding roll's position was adjusted until 
properly aligned. Once the web was correctly aligned, the end of the web was attached to 
the winding core with a piece of tape. The machine was then started and a roll of web 
was made on the specially designed cores. Each roll that was made had the following 
parameters: the speed of the web was 50 ft/min, the pile height was approximately .25 
inches, and the tension was varied from roll to roll anywhere from 6 lbs to 26lbs. Once a 
roll was completed, the tail end of web was taped so that the tension in the web was 
closely maintained, and then the roll was removed from the machine. (Any roll that had 
too much drift in edge position in the cross-machine direction was thrown out; only rolls 
with nice aligned ends were kept for testing.) Next, the spacers were removed from the 
roll through the center of the core. Then, the final diameter of the core was measured 
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using calipers. Finally, the roll was placed between the platens of the lnstron, where the 
roll was compressed past the point of buckling. The lnstron compressed the roll axially 
in velocity control. The output from the Instron was axial deformation and force. This 
data was used to establish charts of force versus deformation. The charts were then used 
to determine at what load the test deviated from linear elastic behavior. Typically, an 
inflection or a change in slope in the chart was used to detem1ine the onset of buckling. 
KEY: 
\.VEB DIRECTION ... 
Figure 4-6: Setup of Web Path 
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Preliminary Tests 
Several preliminary tests were run in an effort to eliminate problems in the 
procedure and to insure the repeatability of the experimentation. First, five rolls were 
wound on the flat core at 9 lbs of tension, at a speed of 50 ft/min, and a pile height of 
either approximately .25 or .5 inches. Besides measuring the buckling force of these 
rolls, the numbers of layers of three of these rolls were counted by hand. The buckling 
forces of these tests were used to show repeatability. The hand-counted number of layers 
were compared to the number of layers found using the following equation: 
Equation 4-1 
r -r. 
layers = - 0--' 
h 
These tests showed that this equation would be accurate for calculating the number of 
layers in the primary tests and that these tests were repeatable. Results from these tests 
can be seen in Table 4-2. 
Table 4-2: Results from Preliminary Tests 
Pile Height Layers of Web Layers of Web Percent Error Force Force per 
Calculated Hand Counted (Web Layers) (lnstron) Layer 
0.468 329 328 0.37% 1380 4.19 
0.491 346 344 0.52% 1400 4.05 
0.227 160 161 0.93% 620 3.89 
0.235 165 650 3.93 
0.239 168 680 4.04 
Other preliminary tests were run to determine the properties of the web material 
being used. First, a stretch test was performed on the material in order to calculate the 
elastic modulus of the material. To perfonn this test, 50 ft of material was rolled out onto 
a long stretch of floor. This test was run in lieu of the ASTM D882 standard for 
determining the modulus of plastic films. The stretch test is superior in that specimen 
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end e ffects are minimized through the use of a long sample. One end of the material was 
secured to the floor using tape and weights. The other end was connected to a force 
gauge. The material was then loaded from O lbs to 60 lbs, and the resulting elongation 
was marked on a piece of paper for every 5 lb increments of force. Using this data, a 
stress versus strain graph was plotted as seen in Figure 4-7. The slope of this graph, 
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Figure 4-7: Plot of Stretch Test Performed on 142 Gauge Polyester Film 
Another preliminary test that was performed was a stack test. This test was used 
to find the K1 and K2 values for the equation developed by Pfeiffer, Equation 2-15. To 
conduct this test, a I-inch thick stack of web material was cut off the roll . This stack of 
material was then compressed in the Instron. The output from the Instron was in the fom1 
of load and distance. This data was converted to pressure and strain. The K1 and K2 
parameters were then determined using a least squares error routine. The values for K1 
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and K2 were found to be .45 14 and 201.178. A comparison of Pfeiffer's equation to the 
experimental pressure versus strain curve can be seen in Figure 4-8. 
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Figure 4-8: Plot of Pfeiffer's Equation and Results of Stack Test 
With the K, and K2 values determined, the pressures and radial elastic modulus 
could now be found using WINDER, a proprietary winding software package created by 
the WHRC. In the table below, the maximum internal pressure and the corresponding 
radial elastic modulus found for each winding tension setting used for testing toothed 
core #2 are shown. (These values are being provided since they will be used in the 
'Results and Discussion' chapter to compare experimental results to values found using 
models #3 and #5.) These computations relied upon the core dimensions listed in Table 
4-1 and the material properties found in Table 4-5. The pile height of the web is assumed 
to be . 25 1 inches or 177 layers. Pile height is the measure of the thickness of web 
material wound on a roll. It can be calculated by subtracting the final web roll radius by 
the external radius of the core. 
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Table 4-3: Radial Elastic Modulus and Pressures Found Using a Winding Program 
Winding 
Tension (lb) 12 14 16 18 20 22 24 26 
Er (psi) 36242 43124 50022 56932 63850 70774 77702 84634 
Pressure (psi) 180 214 248 283 317 352 386 421 
Primary Tests 
The purpose of the primary tests was to measure the critical force needed to 
buckle of roll of material and to see if the winding tension affected the resulting critical 
force. To accomplish this, the sets of tests listed in Table 4-4 were performed using the 
procedure mentioned above in the 'Experimental Procedure' section ofthis chapter. 
Each of these sets consisted of eight individual tests in which tension was varied in 
increments of 2 lbs. The core type and tension range used for each set oftests is 
described in the following table: 
Table 4-4: List of Primary Tests Performed 
CORE USED WINDING TENSIONS #OF SETS 
Of Sets (lb) CONDUCTED 
Flat 6,8, 10, 12, 14, 16, 18,20 2 
Toothed #1 6,8, 10, 12, 14, 16, 18,20 2 
Toothed #2 6,8, 10, 12, 14, 16, 18,20 1 
Toothed #2 12, 14, 16, 18,20,22,24,26 3 
The data collected from these experiments was then compared to the five models 
developed earlier in the 'Theoretical Development' chapter. {The results from these tests 
and the comparison of these tests to the solution models are described in the 'Results and 
Discussion' chapter.) Any core dimensions used in calculations can be found in Table 
4-1. Material properties used in these calculations can be found in Table 4-5. 
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Table 4-5: List of Material Properties 
Material Properties Value 
Elastic Modulus MD 718054 psi 
Poisson's Ratio .3 






RESULTS AND DISCUSSION 
The purpose of this project was to develop a model that accurately described the 
circumferential wrinkles in web rolls; the experimental data was compared to the five 
models discussed earlier Chapter 3. A list of these solution models can be found in Table 
5-1. The results and discussion of the flat core will be presented first. Then, the results 
and discussion of the toothed cores will be presented. 
Table 5-1: Descriptions of Theoretical Models 
MODEL # EQUATION DESCRIPTION 
1 Equation 2-6 Timoshenko's equation for the buckling of a cylinder is 
used to calculate the buckling force of the web roll 
assuminq that it acts like one solid cylinder. 
2 Equation 2-6 Timoshenko's equation for the buckl ing of a cylinder is 
used to calculate the buckling force of each layer of web 
as if the roll is made up of multiple cylinders. The critical 
buckling force for the roll is found by summing the 
buckling forces found for each layer. 
3 Equation 3-6 This model uses the developed buckling equation for a 
cylinder on an elastic foundation. In this model, the 
procedure used by Forrest (4] is followed. The critical 
force for each layer is found by assuming the layers 
underneath it act like an elastic foundation. For each 
layer, the radial elastic modulus is found and used to 
calculate the foundational stiffness, k. 
4 FEM Several FEM programs were used to create a cylinder on 
a rigid foundation with external pressures acting on it. The 
critical force for each layer is found, and then the values 
are summed to find the critical buckling force for the web 
roll . This model will not be used for comparison since all 
FEM codes failed to model the situation appropriately. 
5 Equation 2-6 This model uses the model described in Model #2, but 
includes the frictional force of the teeth, which results from 
the pressures at the center of the roll. This frictional force 
is calculated using the parameters of the roll, and then it is 
added to the cri tical force found using Equation 2-6. 
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Flat Core Analysis. and Discussion 
The flat core allowed for two-way buckling because the web layers were 
unsupported in the region where the buckling occurred. Furthermore, the core did not 
prevent the roll from twisting along the axis of the cylinder when being crushed. It can 
be seen in Figure 5-1 that the buckles took on the chain link appearance. This buckling 
shape occurred for all tests conducted using the flat core. As mentioned earlier in the 
'Theoretical Development' chapter, these buckles are also known as 'chessboard' 
buckles. 
-· . 
Figure 5-1: Buckling Shape Resulting from Flat Core Tests 
As mentioned in the 'Experimental Setup and Procedure' chapter, two sets of 
eight tests were conducted on the flat core. The only input that was varied from test to 
test was the winding tension (6 lbs to 20 lbs.) Since the external diameter changed 
slightly from test to test, the final buckling force was divided by the number of layers in 
that roll in order to yield a buckling force per layer value. This value allowed for tests at 
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different tensions to be compared to each other without the diameter of the roll affecting 
the data. Likewise, it allowed for tests run at the same tension to be compared to each 
other without having effects from the slight differences in roll diameters. This procedure 
was deemed acceptable because the buckling models (Equation 2-6, for instance) do not 
show a dependence on radius. 
To find the critical force at which a roll buckles, the point at which deviation from 
linear behavior occurs was recorded. As can be seen in the example case shown in 
Figure 5-2, the roll cannot support higher loads as the roll continues to be compressed. 
This type of buckling curve is very common, and is similar to those seen for axially 
loaded beams and plates. 
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Figure 5-2: Exnrnplc Buckling Curve fol' Fh,t Core 
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Every test conducted using the flat core resulted in a similar buckling curve. 
Table 5-2 shows the critical buckling force found for each roll tested in the two sets of 
tests conducted using the flat core. As mentioned at the beginning of this chapter, the 
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results are shown as force per layer in order to compare the two sets of tests without 
worrying about the slight differences in roll diameter. The average critical force for each 
tension will be used to compare the experimental values to the theoretical models. It 
should also be noted that the data found using the flat core is very repeatable. The two 
tests virtually gave identical results. 
Table 5-2: Critical Forces Found for Tests Conducted on the Flat Core 
Winding Tension 61bs Bibs 101bs 121bs 141bs 161bs 181bs 201bs 
Set 1 Ncrllayer 4.70 4.73 3.65 4.10 3.94 4.33 4.56 5.71 
Set 2 Nc..llayer 4.80 4.66 3.54 4.10 3.89 4.19 4.57 5.71 
IAvg. Nc..llayer 4.75 4.70 3.60 4.10 3.91 4.26 4.56 5.71 
Since the flat core allowed for two-way buckling, much as Timoshenko assumes 
in his theory, Model #1 was used first for comparison. Using Equation 2-6, the material 
properties found in Table 4-5 and the averaged pile height of .295 inches, the critical 
force was calculated for the roll. Then, the critical force per layer was found by dividing 
the critical force for the roll by the number oflayers in the roll. Using the average pile 
height from the experimental tests and Equation 4-1, the number of layers was found to 
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Comparison of Flat Core Data 
to Model #1 
6 8 10 12 14 16 18 20 22 
Winding Tension (lbs) 
O Expermntal 
D Model # 1 
Figure 5-3: Comparison of Experimental Flat Core Data to Model #1 
From the graph, it can be seen that Mode\ # l results in values much higher than 
the experimental data. This means that the web roll should not be modeled as one solid 
cylinder. Therefore, the experimental data was then compared to Model #2. In Model 
#2, Equation 2-6 is used again, but this time the roll of webbing is assumed to act like 
mulf ip/c i11c/Cpendcnt py]inders added together rather than one solid cylinder. To find the 
buckling force of each layer, the matet\'d\ ~NQQTif~s from 'ir.ab:le 4-5 Wc)re used .along with 
a thickness of the web, .00142 in. The comparison of the values found using Model #2 to 
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Comparison of Flat Core Data 
to Model #2 
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Figure 5-4: Comparison of Experimental Flat Core Data to Model #2 
As can be seen above, the experimental data matches Timoshenko 's equation 
much better when Model #2 is employed in which each web layer is assumed to buckle 
independently. Winding tension does not seem to affect the amount of force needed to 
buckle the roll, at least not in a simple fashion. The varying and reduced critical loads 
found experimentally are most likely due to imperfections in the roll. In Timoshenko [2] , 
it is stated that any imperfoction in the cylindrical shape will cause the critical buckling 
force to reduce. Furthermore, the slight increase in buckling force at higher tensions is 
most likely due to the testing apparatus. At the higher tensions, the web that laid over the 
gilp region tended to pull into the gap. As tension increased, more ' pull in ' would occur. 
It is likely that as a roll was compressed, the web that was pulled in ro the gap region 
would interfere with the movement of the core causing an increase in critical force. An 
example photo of the imperfections seen in the web rolls after winding can be seen in 
Figure 5-5. 
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All of the remaining models grossly over-predicted the buckling load, and 
therefore they will not be shown in comparison to experimental data found using the flat 
core. (However, these models can be seen in comparison to the toothed cores in the 
following section.) 
Figure 5-5: Imperfections Seen in Rolls after Winding 
Toothed Core Analysis and Discussion 
The toothed cores were designed to only allow for buckling in one dir,ection: 
outwards. In addition, these cores did not allow the roll to twist along the axis when 
being crushed. Therefore, these rolls buckled in the shape of outward ridges. However, 
due to the differences in gap size, the two cores did have some variations in buckling 
shapes. 
As mentioned in the 'Experimental Setup and Procedure' chapter, two sets of 
eight tests were conducted on toothed core # 1. Following the tests conducted on the flat 
core, the only input that was varied from test to test was the tension (6 lbs to 20 lbs.) Due 
to the large gap sizes in toothed core# 1, some problems were observ,ed while testing it. 
37 
During several of the tests, while a roll was being crushed, areas of early buckling could 
be seen in the gaps. An example of this pre-buckling can be seen in Figure 5-6. Then, as 
the roll proceeded to be crushed, the expected buckle shape would occur at the gap region 
of the core. On other tests, the roll would not pre-buckle and instead it would only form 
the expected ridge buckles, but even on these tests, the buckles occurred at th.e gap 
regions. An example of the main buckle can be seen in Figure 5-7. 
Figure 5-6: Pre-buckling that Occurs in the Gaps of Toothed Core #I 
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Figure 5-7: Main Buckling Shape Seen with Toothed Core #1 
Because of these two different types of buckling sequences, two different types of 
force versus deformation graphs would occur. For cases where the pre-buckling 
occurred, two different changes in slope could be detected. For cases where no pre-
buckling occurred, only one change in slope could be detected. An example comparison 
of two tests wound at the same tension where one experienced the pre-buckling and one 
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Figure 5-8: Example Buckling Curves for Toothed Core #1 
It is interesting to note that for either case, the roll continues to hold higher loads 
even after it buckles. This shows that even though the roll has changed shapes to find a 
lower state of energy, the new shape still gives support to the applied force. The critical 
force is found by fitting lines to each section of the curve. The deformation at which 
these lines cross defines the defom1ation at which buckling begins. The critical force of 
buckling is then found by determining the force which corresponds to the deformation at 
which buckling began. 
For each test run on toothed core #1, the pre-buckle and main buckle critical 
forces were recorded if both occurred. Otherwise, the one critical main buckling force 
was recorded. In Figure 5-9, the results of the two sets of tests run on the toothed core #1 
can be seen. Lower points that are hollow but of the same shape and color of higher 
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Figure 5-9: Comparison of Toothed Core #1 Data to Model #2 
Reviewing Figure 5-9, it is clear that Model #2, which uses Timoshenko' s 
equation for the buckling of a cylinder, does not match the experimental data. The data 
presented would support the observation that as the winding tension is increased the force 
needed to buckle the cylinder also increases. However, since the cylinders sometimes 
pre-buckle, the results from these experiments may be faulty. Likewise, as mentioned 
earlier, the buckles only occur in the region where the gaps exist. This raises the question 
of whether the gap size of the core is affecting the results. Therefore, the second toothed 
core was designed with smaller gaps. Since the web cylinder usually buckled within .10 
inches, the new gap was made to be slightly larger, .15 inches. 
This new core, toothed core #2, was tested in the same manner as the previous 
two cores. One set of tests was run where tension was the only input varied (6 lbs to 20 
lbs .). As expected, this core resulted in much better data. Pre-buckling no longer 
41 
occurred during any test with toothed core #2. An example force curve can be seen in 
Figure 5-10, and an example photograph of the buckled shape can be seen in Figure 5-11. 
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Figure S-10: Example Buckling Curve for Toothed Core #2 
Figure 5-11: Buckle Shai>e Seen for Test Conducted on Toothed Core #2 
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Figure 5-10 shows that the critical force at which the cylinder buckles is once 
again determined by finding the point at which the slope changes. It should be noted that 
the cylinder continues to support higher forces even after being buckled as was seen with 
data from toothed core # 1. Results from toothed core #2 were compared to the tests run 
on toothed core # 1, seen in Figure 5-12. 
Results from Toothed Core #2 
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Figure 5-12: Toothed Core #2 Initial Tests Compared to Toothed Core #1 
In the figure above it can be seen that the higher critical points found using 
toothed core # 1 closely matches the critical points found using toothed core #2. 
Therefore, though the buckles were occurring near the gap and pre-buckling was 
occurring, the data found with toothed core# 1 was good. Nonetheless, since toothed 
core #2 gave better buckling curves, more tests were run using it in order to collect data 
to use as a comparison to the theoretical models. 
For these new sets oftests, a higher range of tensions was chosen. As can be seen 
in Figure 5-9 and Figure 5-12, the largest amounts of change in critical force occur at the 
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higher tensions. Therefore, the load cell of the winding machine was re-calibrated to 
measure tensions up to 26 lbs. Using toothed core #2, three sets of tests were completed 
in which tension was varied from 12 lbs to 26 lbs. The critical force determined for each 
test can be found in Table 5-3. The critical forces are given as force per layer for easier 
comparison. The average critical force is found for each value of tension. These average 
values will be used to compare experimental data to the developed theoretical models. A 
graph of these averages can be seen in Figure 5-13. 
Table 5-3: Critical Forces Found for Tests Conducted on Toothed Core #2 
Tension 121bs 14 lbs 161bs 181bs 201bs 221bs 241bs 261bs 
Set 1 Ncrllayer 10.20 12.48 13.48 14.79 16.55 18.34 19.70 20.16 
Set 2 Ncrllayer 9.92 11.72 13.25 14.77 17.02 18.63 19.80 20.61 
Set 3 Ncrllayer 8.70 9.73 11.59 13.72 15.50 17.51 17.15 20.21 
Avg. Ncrllayer 9.61 11.31 12.77 14.43 16.36 18.16 18.88 20.33 
Results from Toothed Core #2 
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Figure 5-13: Averaged Results of Toothed Core #2 Tests 
By reviewing this graph it appears that as winding tension increases, the force 
needed to buckle a roll of web increases. Furthermore, the relationship between winding 
44 
tension and critical force seems to be linear. Since neither Model #1 nor Model #2 
considers winding tension, data from toothed core #2 will not be compared to them. 
Instead, Model #3 will first be used for comparison. 
Model #3 uses the buckling equation for cylinders on an elastic foundation. In 
ffllS mode/ (/Je 17pproa,ch lLSed js similar to the one used by Forrest [ 4] . In this model, 
every layer is considered to act like a cy\1.1\Cl;\1 ~ ~ \~t.(c, fo uncian:on. Tne .muatrl'a/J/@n 
for each cylinder is made up of the layers be/ow it. Therefore, the buckling force for 
each cylinder is found using Equation 3-6 where the inputs for the foun dational stiffness 
and radius are updated for each layer. To find the foundational stiffness for each layer, 
the radial elastic modulus is needed for each layer. This was found using the winding 
software as discussed in Chapter 4. The foundational stiffness is then found using 
Equation 3-8. Then, the buckling force for each layer is found using the calculated 
foundational stiffness and the material properties found in Table 4-5. A comparison of 
Model #3 to the experimental values of toothed core #2 can be seen in Figure 5-14. 
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From this graph, it can be seen that Model #3 does not result in a solution that 
matches the experimental data. Model #3 results in values higher than the experimental 
values. Likewise, its values have a much different slope than the experimental values. 
Therefore, Model #3, the elastic foundation model, does not correctly describe the 
buckling of a roll of web. 
As discussed in Chapter 3, all attempts using FEM programs to develop Model #4 
were inconclusive. Therefore, Model #4 \.Vill not be used for comparison. lnstead. Model 
#5 will now be eompared to the results obtained from winding and buckling tests using 
toothed core #2. As mentioned ear\ict ,\\\~ V~xssvreB10lue .a0re 1@f i11he irt0JJ increases as a 
function of tension. Pressure values fo r the di fferent winding tensions can be seen in 
Table 4-3. Using these pressures, the resulting hoop stress in the core can be found using 
Equation 2-13. Then, using Equation 3-9 the area of contact between the sides of the 
teeth was found to be .18 in2. Finally, using Equation 3-10, where the coefficient of 
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friction between two steel surfaces is .3, the frictional force between each tooth can be 
found. The total frictional force that would occur at each tension level for a roll with 177 
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Figure 5-15: Frictional Force between the Teeth Compared to Web Tension 
In Figure 5-15 , it can be seen that the frictional force between the teeth is a large 
value and has a similar trend to the data found on toothed core #2. This frictional force 
was added to the critical force found using Timoshenko's buckling equation, Model #2, 
in order to calculate the critical forces for Model #5. A comparison of Model # 5 to 
experimental data can be seen in Figure 5-16. 
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Figure 5-16: Comparison of Toothed Core #2 Data to Model #5 
From this graph, it can be seen that Model #5 closely matches the experimental 
data quite well and, in fact, much better than any other model described here in. Thus, 
the assumption that the gaps between the sides of the teeth would close due to the 
pressure on the core was valid. It can be seen in the graph that some of the gaps between 
the sides of the teeth may not have closed at the lower pressures due to slight variations 
in the gap sizes. This would explain the slight difference in the experimental and 
theoretical data at the first few points. Nonetheless, from the comparison shown in 
Figure 5-16 it can be concluded that tension does not actually affect the buckling force. 
Instead, the tension affects the frictional force between the sides of the teeth through the 
resulting pressure on the core due to winding. Therefore, the critical force needed to 
buckle the web rolls wound on toothed core #2 can be solved using Timoshenko' s theory 
once frictional effects have been considered. 
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However, in Model #5 the assumption was made that the one-way buckles that 
occur are simply one half of the two-way buckles assumed in Timoshenko's theory, and 
the length of the cylinder being buckled is equal to the length of the buckle. (With these 
assumptions, it was shown that Timoshenko's buckling equation could be used for one-
way buckles.) If these assumptions are true, the length of the one-way buckles found 
experimentally should be equal to the theoretical length of the cylinder being buckled 
found using Equation 3-13. From Equation 3-13, using an average radius of 3.62 inches, 
the length for the cylinder being buckled was found to be .088 inches. For several of the 
tests conducted on toothed core #2 the length of the one-way buckle was measured. It 
should be noted that measuring the wavelength of the buckle was difficult since only one 
buckle was occurring. Therefore, distinguishing where the buckle began and ended 
proved to be difficult. Nonetheless, the average wavelength of the one-way buckles 
occurring in the experimentations was calculated to be .11 inches. Though this value is 
slightly larger than the expected length found using Equation 3-13, the value is close 




CONCLUSIONS AND FUTURE WORK 
Tests conducted on the flat core showed that the critical force was not affected by 
tension. In these tests, the core was free to rotate about the axis when buckling. The 
resulting buckling shape of tests conducted on this core was the chain-link pattern or 
'chess board' buckle. By comparing the experimental data to Model #2, it was shown 
that the flat core data closely matched Timoshenko's equation for the buckling of 
cylindrical shells when each layer of web is assumed to act like independent cylinders. 
Experimental tests conducted on the toothed cores seemed to show that winding 
tension played an important part in the buckling of the cylinder, but in actuality, the 
increase in buckling load in these tests was due to the testing apparatus. In these cases, 
the rolls always buckled in a 'ridge' shape. This buckling shape is commonly seen in 
industry in web rolls that have circumferential wrinkles. 
The results of this research indicate that axially compressed wound rolls do not 
benefit from the additional stability of an elastic foundation. This contradicts the theory 
presented by Forrest. Results presented herein demonstrate that including the elastic 
foundation yields theoretical buckling loads 4 to 5 times that witnessed in tests. Instead, 
Timoshenko's equation for the buckling of cylindrical shells was shown to match the 
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experimental data once the frictional force between the teeth of the core was taken into 
consideration. 
Furthennore, in this study, winding tension, and thereby radial elastic modulus, 
were varied over a substantial range (Table 4-3). At the close of this research, it appears 
in Figure 5-4 and in Figure 5-16, after friction effects are removed, that winding 
conditions do not affect the axial buckling load of wound rolls. It should be noted that 
this conclusion is limited to winding conditions where air entrainment is not a factor 
because the tests in the research were run at velocities and tensions that would prohibit 
air entrainment. 
Future Work 
Finding an equation that predicts the amount of force needed to buckle a web roll 
is only the beginning step to preventing these wrinkles. Knowing the critical force at 
which these rolls buckle leads to the discovery of which internal factors within the roll 
could cause such forces. If the causes of these forces could be identified and prevented, 
circumferential wrinkles could then be avoided. 
Before the search for the causes of these forces begins, it would also be a good 
idea to further test this model. In the future, other materials should be tested. Likewise, 
the same material with a different thickness should be tested. Such tests would help to 
prove the usability of this model. 
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